INTRODUCTION
Which factors control the diversity of marine species over large scales? This question has become a major research focus in marine ecology, in part motivated by efforts to safeguard species against further diversity loss. Recently, Schipper et al. (2008) presented a novel pattern of marine mammal diversity based on expert opinions, which featured strong latitudinal peaks in species richness around 40°N and S. The authors suggested that such hotspots of marine mammal richness are associated with peaks of primary productivity at those latitudes (Field et al. 1998 ). This hypothesis contrasts with other global assessments of marine diversity, which empirically revealed sea surface temperature (SST) as a major driving variable for foraminiferan zooplankton (Rutherford et al. 1999) , tuna and billfish (Worm et al. 2005 ) and deep-water cetacean richness (Whitehead et al. 2008) . Productivity measures, however, were not directly tested in those previous analyses.
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METHODS
We compiled incidental records of 2352 sightings of groups of cetaceans during field studies directed at 2 species of deep-water whales, sperm whales Physeter macrocephalus and northern bottlenose whales Hyperoodon ampullatus. The sightings were made between 1998 and 2007 in the northwest Atlantic and eastern Pacific Oceans from auxiliary sailing vessels. These records are a subset of the sighting database first presented by Whitehead et al. (2008) , matched to satellitederived productivity measurements made by the Seaviewing Wide Field-of-view Sensor (SeaWiFS) satellite, which have been available since 1998. We concatenated sightings of the same species made within 1 h, and omitted all sightings of P. macrocephalus and H. ampullatus (the target species of the research at sea), sightings without identification to genus and those in waters < 200 m depth.
We divided the sightings record into blocks of b sightings such that among the sightings in each block there were differences of no more than 30 d, 1000 km or 4°C SST. Sightings were sequentially omitted from the analysis until a block of b consecutive sightings was found satisfying these conditions. We carried out all the analyses with b = 5. In a previous analysis (Whitehead et al. 2008) we varied b, but found this made no substantive difference to the results.
We obtained productivity estimates (mg C m -2 d -1 ) from the Ocean Productivity Site (www.science. oregonstate.edu/ocean.productivity/index.php), which provides estimates of net primary productivity (hereby referred to as productivity) generated from SeaWiFS satellite data by the following models: the standard vertically generalized production model (VGPM; Behrenfeld & Falkowski 1997) , the Eppley vertically generalized production model (Eppley-VGPM), which uses Eppley's (1972) exponential function for the temperature-dependence of photosynthetic efficiencies, and the carbon-based production model (CbPM; Behrenfeld et al. 2005) . These and other models of ocean productivity were compared and evaluated by Carr et al. (2006) . Data were available by month and 10°latitude by 10°longitude rectangle. The year, month, latitude and longitude (from GPS) of each cetacean sighting were used to match a productivity value for each of the 3 measures.
Our measure of biodiversity, genus richness (y), was the number of different cetacean genera in each block of sightings and could range from 1 to b (=5). We fitted general linear models, inverse polynomials (Nelder 1966) , and generalized linear models (with binomial error) to the values of y. For the general linear models, we assumed that y was normally distributed about a function of SST (as recorded in situ at 06:00 h on the day of sighting), depth (from www.gfdl.noaa.gov/ products/vis/data/datasets/etopo2_topography.html, logged), absolute latitude (from GPS-determined positions), satellite-measured productivity (as described above), as well as polynomial functions and combinations of these factors (Table 1) . SST, depth, latitude and productivity for each block were the means of the values for each sighting within the block. We also used models including the categorical variables ocean (Atlantic or Pacific) and area (study areas within oceans), but as these variables had little utility in predicting diversity in either our previous analysis (Whitehead et al. 2008) or this analysis, we do not present these results. The models included either SST or productivity as well as the 4 combinations of linear and quadratic models of SST and productivity (Table 1) . Minimal Akaike's information criterion (AIC) indicated the preferred model, while support for other models was suggested by ΔAIC, the difference between the AIC of a model and that of the preferred model (Burnham & Anderson 2002) .
RESULTS
The 3 measures of productivity at the locations of cetacean sightings were well correlated: VGPM vs. Eppley-VGPM, r = 0.945; VGPM vs. CbPM, r = 0.795; Eppley-VGPM vs. CbPM, r = 0.757 (n = 2352). There was no strong linear correlation between SST and productivity (VGPM vs. SST, r = 0.150; Eppley-VGPM vs. SST, r = 0.277; CbPM vs. SST, r = -0.107; n = 2352). Although there was much scatter, the VGPM productivity measure unimodally peaked at ca. 17°C (Fig. 1 ) and declined at higher temperatures. The other 2 productivity measures showed weaker relationships with SST.
The revised data sets including a measure of productivity contained 173 blocks of 5 sightings (using VGPM and Eppley-VGPM productivities), or 175 blocks (CbPM productivity), as compared to 356 blocks for the full data set (as used by Whitehead et al. 2008) . The difference is due to the lack of SeaWiFS-derived productivity measures before 1998, as well as to cells with missing productivity data. The used blocks contained a mean of 2.7 different genera. Median spans of sightings within blocks were 0.4°C SST, <1 d, and 25 km.
In general, diversity increased slightly with productivity, no matter which measure was used (Fig. 2) . In particular, there seemed to be an increase in diversity at the highest productivities (Fig. 2) . With CbPM productivity, a steady, slow increase in diversity with productivity was apparent, but with the 2 VGPM measures, cetacean diversity seemed only to increase at very high productivities (1000 to 1500 mg C m -2 d -1
). These trends could arise because productivity drives diversity, or because both are related to some other factor, such as SST. Our models tried to distinguish such causes.
When we analyzed cetacean richness in relation to temperature, productivity, and their combined effects, we found that results were very similar, irrespective of the error structure used. Thus, only the results from the general linear model (with normal error) are presented in Table 1 . Results were similar for all 3 measures of productivity. Models without SST had essentially no support (ΔAIC > 5) whether they included measures of productivity or not (Table 1) . Models including both productivity and SST had considerably less support than the same models without productivity (Table 1) . As with the full data set (Whitehead et al. 2008) , the quadratic SST model with diversity peaking at about 21°C was best supported.
3 Table 1 . Fits of general linear models to genus richness data of deep-water cetaceans, indicated using the change in Akaike's information criterion (ΔAIC) (0: model with most support, in bold; < 2: some support; > 2: no support). Predictors are sea surface temperature (SST), depth, absolute latitude (lat) and primary productivity (prod) using 3 measures: standard vertically generalized production model (VGPM); Eppley-VGPM; and carbon-based production model (CbPM); a, b, and c are fitted parameters of the inverse polynomial models 
DISCUSSION
Our analysis represents the first direct test of the hypothesis that primary productivity may drive patterns of marine species richness. It revealed that none of the 3 measures of productivity predicts deep-water cetacean biodiversity particularly well at the scale at which these animals operate (10s to 100s of km). Useful explanatory models needed to include SST, and once this was accounted for, the addition of satellitederived measures of productivity made no significant contribution. Thus, we suspect that observed peaks in marine mammal species richness at around 40°N and S (Schipper et al. 2008 ) result more directly from optimal SSTs for marine mammal biodiversity at these latitudes (Whitehead et al. 2008 ) rather than from belts of high oceanic productivity. This hypothesis is further supported by analyses performed to explain patterns of zooplankton (Rutherford et al. 1999 ) and fish diversity (Worm et al. 2005) . These studies used chlorophyll a concentration as a predictor, which tends to correlate well with primary productivity in pelagic ecosystems (Behrenfeld & Falkowski 1997) . Both analyses found that SST correlated best with patterns of species richness, whereas chlorophyll a was not a good predictor.
Why does deep-water cetacean diversity correlate so particularly with SST? From an ecological perspective, diversity is a function of niche overlap. The niche of a particular cetacean species is multidimensional, yet we hypothesize that water depth and SST are particularly prominent in distinguishing habitats of different species. Each of these factors directly relates to species physiology and anatomy through adaptations for diving, energetics and thermal regulation (e.g. Noren 2004 , Koopman 2007 ). Here we largely removed water depth as a factor by limiting our study to deep waters. Within deep-water species, different taxa have distinctive thermal ranges, typically spanning about 10°C (Whitehead et al. 2008) . With niche widths of about 10°C distributed overlapping across a global SST range of about 30°C, diversity will naturally peak near the centre of this range. In addition, this physiologically based relationship between cetacean diversity and SST may be reinforced by similarly structured diversity patterns in prey species, including zooplankton (Rutherford et al. 1999 , Beaugrand et al. 2002 and fish (Worm et al. 2005 , Boyce et al. 2008 , Hiddink & ter Hofstede 2008 .
Our results contrast with experimental microcosm studies suggesting that diversity responds strongly to changes in productivity, often in a unimodal (humpshaped) fashion (Kassen et al. 2000) . Observational studies at larger scales, however, have often failed to resolve consistent patterns, particularly for animals (Mittelbach et al. 2001 ). We note that most studies were performed on land (e.g. Mittelbach et al. 2001) , and some discrepancies may be explained by differences in scale (Chase & Leibold 2002) . Primary productivity clearly affects marine animal abundance (Ware & Thomson 2005 ), but seems not to determine diversity to the same degree, especially once abundance is controlled as a confounding factor by rarefaction, as in the present study.
Our use of in situ measurements of both diversity and explanatory variables contrasts with assessments of diversity derived from geographical ranges of taxa derived from expert opinions and overlayed on timeaveraged explanatory variables (e.g. Schipper et al. 2008) . Such analyses may reflect the diversity of potentially occurring organisms, which is likely to be quite different from realized patterns at any point in time, which are influenced by large-scale movements of cetaceans as well as temporal variability in oceanographic conditions.
The robustness of our findings largely depends on the reliability of satellite-derived productivity measures reflecting real productivity patterns at the spatial (10s to 100s of km) and temporal (days to weeks) scales considered. Further studies will be needed to disentangle the relationships between SST, productivity and diversity in other regions and for other taxa. If these results hold true more generally, this would suggest that global increases in SST, as observed and predicted by the Intergovernmental Panel on Climate Change and others, will rearrange the global diversity patterns for marine mammals, as well as other pelagic taxa (reviewed by Worm & Lotze 2009 ). Changes in productivity, for example through increased nitrogen deposition (Duce et al. 2008) , would be relatively less likely to have an impact on diversity. 
